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We argue that a substantial increase in the cross section for Coulomb excitation in the region 
of the Double Giant Dipole Resonance should be expected from Coulomb excitation of excited 
states involved in the spreading of the one-phonon resonance, in a manifestation of the Brink-Axel 
phenomenon. This generates an additional fluctuating amplitude and a corresponding new term 
to be added incoherently to the usual cross-section. The appropriate extension of an applicable 
reaction calculation is considered in order to estimate this effect. 

PACS Numbers: 25.70.De, 24.30.Cz, 21.10.Re 

The Coulomb excitation of two-phonon giant resonances at intermediate energies has generated considerable interest 
in the last few years Q . The isovector double giant dipole resonance (DGDR) has been observed in ^^®Xe Au 

1^, and ^°®Pb |Q-^. The isoscalar double giant quadrupole resonance has also been observed in the proton emission 
spectrum from the collision of '*^°Ca with "*^°Ca at a laboratory energy of 44 A Mev Q.When the data on DGDR 
excitation for ^^®Xe and Au are compared with coupled-channel Coulomb excitation calculations j|], it is found 
that, in the harmonic approximation, the calculated cross sections are a factor of 2 to 3 smaller than the measured 
ones. A similar discrepancy, albeit somewhat smaller, is found for ^°®Pb. 

Several effects that are not taken into account in the coupled-channel theory have been considered as possible 
explanations of this discrepancy. As examples, we mention the effect of anharmonicities |9|Jl^ and the quenching 
of the I'*’ DGDR state Here we will consider a new potentially important mechanism, which consists in the 

(one phonon) Coulomb excitation of backgrount states responsible for the large spreading width of the one-phonon 
GDR, as suggested long ago by Brink and Axel j^. Due to the complicated background of intrinsic states, the 
amplitude for this process varies rapidly wth energy and possesses an average close to zero. Its contribution to the 
cross section can be sizable, however. In close analogy to this situation is the the well-known case of nucleon-nucleus 
elastic scattering. There, the cross section is the sum of the slowly-varying contribution of average optical scattering 
and of the fluctuating contribution compound nucleus formation and decay. In figure 1 we show a schematic picture 
of the couplings involved. 

We first sumarize our main result. The cross-section for Coulomb excitation to the DGDR energy region contains 
in fact two distinct components which peak at ^ 2Egdr- However, while the usual component udgdr has a width 
which may be estimated as ^ 2TgdRi the fluctuating Brink-Axel component has a width which is just ^ Pgdr- 
As a result of this, the bump observed in the two-phonon region has an effective width between these limits. The 
enhancement factor for the peak-value of the cross-section will be given roughly by (1 -I- Fj/Fi), whereas the cross- 
section integrated over the peak is just about (1 -|- \p'[/Pi)(Jijgdr due to the smaller width of the second component. 
For heavy nuclei r| Fi, and we get enhancement factors of ^ 2 and ^3/2 for the peak and for the integrated cross- 
sections respectively. Furthermore, these enhancement factors should be reduced and tend to unity as the collision 
time becomes shorter than the inverse GDR width, at higher bombarding energies. A simple model illustrating these 
features will be discussed in what follows. 

Giant resonances have many characteristics that suggest a treatment in terms of simple collective degrees of freedom. 
The first and foremost of these is their classical interpretation in terms of macroscopic shape oscillations of the nucleus. 
The properties of multiple excitations of these resonances would then suggest that they are simple bosonic degrees 
of freedom. The Brink-Axel hypothesis, which assumes that a giant dipole resonance may be constructed on each 
of the intrinsic excited states of the nucleus, suggests that the resonances can be considered as degrees of freedom 
independent of the intrinsic states. Of course, the microscopic representation of the giant resonances, in terms of of the 
intrinsic particle-hole states, implies that their treatment as independent degrees of freedom can only be approximate. 
Yet, in many instances, it seems to be a very good approximation. 

As a model of the multiple excitation and decay of a giant resonance, we will consider the excitation of a collective 
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degree of freedom of a target nucleus by an inert projectile and the subsequent decay of the collective states into 
complex intrinsic ones. We can loosely follow the development given by Ko years ago 1^. His work was motivated 
Iw the need to incorporate the collective features of the Copenhagen approach to deeply-inelastic heavy-ion collisions 
Q into the Heidelberg description [|^ of these processes. 

As did Ko, we take the Hamiltonian describing the two colliding nuclei to be 


H{r, a, 0 = ho{r^ + h,{a) + + t/(r, + H(f, a) + W(a, 0 


( 1 ) 


where /io(r) = p^/2m -I- Vo(r) is the Hamiltonian for the relative motion in the ground state, hi(a) and /i 2 (^) are 
the collective and intrinsic Hamiltonians, respectively, W (a, is the coupling between the collective and the intrinsic 
degrees of freedom and U (r, and V (r, a) are the couplings between the relative coordinate and the intrinsic and 
collective degrees of freedom, respectively. As we wish to concentrate our attention on the excitation of the collective 
states alone through the relative motion, we simplify by taking the direct coupling of the relative motion to the 
intrinsic states to be null, = 0. We write the collective and intrinsic spectra and states as hi{a) \n) = e„ In) 

and h 2 {^) \ v) = |n). In the case that the collective spectrum represents multiple excitations of a giant resonance, 

we would expect e„ ~ n ei. 

We write the uncoupled scattering states of the relative motion with an incoming or outgoing wave boundary 
condition corresponding to asymptotic wavenumber k as 


ho 




( 2 ) 


The free Green’s function can then be expressed in terms of a diagonal sum over the triple product states as 


G^E) = E 


d^k- 


n,v,tp 


n,v,ip- 
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( 3 ) 


We point out that an equivalent expression for G)|' [E) is obtained by substituting the scattering states satisfying an 
outgoing wave boundary conditions for the incoming wave states used above. 

In this basis, the matrix elements of the couplings take the form 




V(r,a) =5^y (rn,ip 


V 


^’4 


and 




W{a,^) = d^^\k — k') (m,/r| W |n, 


( 4 ) 

( 5 ) 


The first of these says that the coupling of the relative motion to the collective degree of freedom due to V (f, a) does 
not affect the intrinsic state. The second says that the coupling of the collective degree of freedom to the intrinsic ones 
due to W{a,^) does not affect the relative motion of the projectile and target. The transitions induced by W{a,^) 
are internal to the target. 

We assume that the complex intrinsic states are statistical and use a schematic random-matrix model to describe 
their matrix elements.We take for the first and second moments of the matrix elements (m, /i| W \n,v) =0 and 


(m,/r| W |n, I/) {n’,v’\W \m’, ^i') = 5rnrn'5nn'5^l^l'Ku'\{n,v\W \m, ^i)\^ (6) 

The statistical hypotheses only require that the average squared matrix elements vanish for ^ 01 v ^ v'. For 

simplicity, we take them to vanish for m ^ ml and n ^ n' as well. 

We can now use the statistical hypotheses on the matrix elements of W to calculate the average (optical) Green’s 
function G'*'(E). This has been done by Ko |]^ and his result can be written as (see also jl^ ) 

= F-F -P /2 

-C/ 6n £i/ “T Z i nid j ^ 

where Tnu is the total width of the resonance, comprising an escape width plus a spreading width viz. 
ddnv = r^i/ + rli/- The complete expression for the average Green’s function is then 
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G^{E) = ^ 

n,!/' 


d^k 


n,iy, 

E - E^- Cn 


n,iy, ifii 

Sjy E i ^nu j 2 


It is worthwhile pausing a moment to interpret this expression. With the exception of the ground-state component 
of the Green’s function, all others have a finite width in their denominator, However, the scattering states that enter 
are still those corresponding to the self-adjoint Hamiltonian /iq. Yet, in contrast to the free Green’s function, for 
which the component corresponding to the collective-intrinsic state |n, v) contains only the scattering states 


with energy E^ = if — e„ — the component of the average Green’s function contains an envelope of scattering 
states about this energy, with the extent of the envelope determined by the width Tm,. The relative phases of the 
contributions to this envelope are such that the outgoing waves of G"*" are decaying waves, as can easily be verified 
by evaluating the integral as a contour integral in the complex plane. 

We note that at low excitation energies, the widths of the |1, i^) states are dominated by their spreading widths, as 
the contributions to the escape widths, from both the collective state and the intrinsic states, are small. The states 
thus appear to be consistent with the Brink-Axel hypothesis, by which the same collective state (with the same width) 
is constructed on each of the intrinsic states. However, as the excitation energy of the intrinsic states increases, a 
corresponding increase in both the spreading width and the escape width of the state becomes observable, consistent 
with the increase in widths experimentally observed in hot giant resonances. Using a phenomenological expression 
for the compound escape width, Tj, 14 exp(—4.69-\/A/if*) MeV and taking Sn as an example, we expect the total 
width to saturate at high excitation at Ti^^ « 4.5 MeV -I- 14 MeV, which compares fairly well with the observed value 


of 15 MeV 


The amplitude of the first excited collective state is obtained from a single action of the coupling V. Taking the final 
relative momentum of the projectile and target to be k', the amplitude Ai{k,k') for excitation of the first collective 
state is 


Ai{k,k') 


E-Ep 


1 

ei -\- iViQ /2 




(9) 


where 


^Eoo/ relative motion wavefunction in the entrance channel calculated by taking into account the 


coupling to the one-phonon excited state to all orders |^. What is observed are the decay products of the excited 
state, which can decay either directly or after passing through the intrinsic states. The direct contribution is 


dat^{k,k') = v\^ 


Ai{k,k') 


( 10 ) 


while the decay through the intrinsic states yields 


dal-\k,k') =Toi^ 

t 01 


Aii^k') 


= T 
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Ai{k,k') 


( 11 ) 


where Toi is the width of the intrinsic states at an energy Si, ~ ei.We have assumed, based on the complexity of 
the intrinsic states, that these possess no spreading width so that the width Toi is all escape width. Adding the two 
contributions, we have for the cross section 


dai(k, k') = 


r 


10 


(A - Up - ei)2 + (Tio /2)2 
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tpi' 

^kOO 


( 12 ) 


The second collective state can be populated predominantly through a two-step process. Assuming a final relative 
momentum of k", we have 


A2(k,k") 


E — Ep, — 62 -|- Z r20 /2 


E — Ep — 61 -I- z Tio /2 




(13) 


This amplitude describes the process in which a second collective excitation occurs before the first collective state has 
decayed to the intrinsic states. The corresponding cross section is 
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da2{k, k") 


^20 

{E - Ep, - 62)2 + (r20 /2)2 




V 




1 

E — Ep —ei+irio/2 



For a harmonic mode, we expect 62 « 2ei.We also expect r 2 o « 2rio, since we expect that (2 |hF 11) « (1 |VF | 0). 

There is another two-step process - a fluctuating one - that can look as if it were an excitation of the second 
collective state, although in fact it is not. This is the process in which a second collective excitation occurs on top 
of the hot background of incoherent, intrinsic excitations remaining after the first collective state has decayed to the 
intrinsic states. The amplitude for this process, for an arbitrary intrinsic state \i'), is 


AlAkX) = 


-^-- / cPk' (lipZ 

E — Epi — ei — iTiiy/2 J \ 
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(15) 
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E — Ep — iTQ^/2 E — Ep — ei + frio/2 

Its contribution to the cross section is incoherent with the others. When summed over the intrinsic states, it is 
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(16) 


To get even a crude estimate of the above expression, we have to do a bit of hand waving. To begin, we replace the 
intrinsic excitation energy Si, and the decay width Tij^ by their average values, eiand Fic in the final-state factor, so 
that 


Til/ Tic 

{E - Ep, - ei - e.)2 + (Tm /2)2 ^ {E - Ep, - 2 ei)^ + {Ti,/2)^ ’ 

and the factor can be removed from the sum. Next, we approximate the remaining sum over intrinsic states as 

y- _ 1(0,1,0)1' _rjo 1 

{E — Ep — + iToi, /2) {E — E^ — — iToi, /2) Fqc 1 + i {Ep — E^)/T[)c 


(17) 


(18) 


We have also replaced the intrinsic state decay widths Foj, by their average value Foc and have used k' and (f to denote 
the dummy variables of the two conju gate integrals. Finally, we argue that the restriction imposed on the momentum 
integrals by the right hand side of Eq.18 reduces them from their unrestricted value by a factor of Foc/Fio. That is. 


(fik' 


Sc 


F{k')E*{^) 


1 + f {Ep — E^)/Tqc 


Tpc 


Sk' F{k') 


(19) 


where F{k') is the rest of the integrand. With these three approximations, we can rewrite the fluctuation contribution 
to the cross section as 


dcrf (A, k”) 


Ic 


10 


(F;-%„ -2ei)2 + (Fi,/2)2 Fio 


E-Ec.- 


1 

ei -|- zFio /2 



( 20 ) 


We can now compare the fluctuation contribution to the apparent excitation of the second collective state with 
the actual one of Eq 0 We first observe that both will have approximately the same average excitation energy of 
2ei. The width of the fluctuation cross section, though, will be about half that of the real one, Fic ~ Fio « r 2 o/ 2 , 
since the contribution of the intrinsic states to the width is expected to be extremely small at these energies. Due 
to the difference in the matrix elements of E, the magnitude squared of the momentum integral of the fluctuation 
cross section will also be about half that of the actual one. The two cross sections will then be comparable at their 
peak values. The observed cross section, in these conditions, would be appreciably larger than the expected value 
and would have a width intermediate between the width F 10 of the single giant resonance and the width F 20 ~ 2 Fio 
expected for the double giant resonance. 
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Since the fluctuation contribution to the apparent excitation of the second collective state depends on the decay of 
the collective state into the intrinsic states, we would expect it to be important in a limited range of incident energy. 
At sufflciently high incident energies, we expect that the target would no longer have time to decay and be excited a 
second time by the projectile. This tendency can be seen in the experimental data for ^°®Pb. The DGDR excitation 
cross section observed at a laboratory energy of about lOOA MeV is a factor of two larger than the predicted one [|j, 
while the cross section at 640A MeV is only about 30% greater than that calculated Q. The observed width of the 
DGDR also tends to increase with the incident energy, consistent with the diminishing contribution of the fluctuation 
cross section. 

An extension of the semiclassical model of ref. Q to include the Brink-Axel effect will be reported elsewhere. 
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FIGURE CAPTION 


Figure 1: A schematic picture showing the coupling to the one ’’cold” phonon state (d), the two ’’cold” phonons 
state, the fine structure states of d (b) and the one ’’hot” Brink-Axel (B-A) phonon state. 
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